Summary. Ejaculated spermatozoa from brush-tailed possums and tammar wallabies were washed by a 'swim up' procedure into Hanks Balanced Salt Solution (HBSS), and then exposed to test solutions. Spermatozoa were incubated at 33\s=deg\C, or room temperature when long-term sperm survival (> 10 h) was required. Exposure of spermatozoa to calcium ionophore A23187, cyclic nucleotides, phosphoinositide pathway intermediates, lysophospholipids, trypsin or 'capacitating' high ionic-strength medium (380 mosmol) followed by 3% bovine serum albumin for periods up to 24 h did not induce acrosomal loss. However, there were major changes within the acrosome: large numbers of empty membrane-bound vesicles were formed, the electron density of the acrosomal matrix decreased and the acrosome swelled slightly. The origin of the vesicles is unclear but the acrosomal membranes and the plasma membrane remained intact.
Introduction
To fertilize an egg the spermatozoa of eutherian mammals must go through post-ejaculatory func¬ tional changes known as capacitation (Chang, 1951; Austin, 1952; Yanagimachi, 1988 ). The precise nature of capacitation remains elusive but it probably involves the removal of surface coating materials and increased permeability to metal ions (Oliphant et ai, 1985; Meizel, 1985) rendering spermatozoa capable of undergoing the acrosome reaction (Bedford, 1983) . In eutherian mammals the acrosome reaction is an exocytotic event involving multiple point fusion of the plasma membrane and outer acrosomal membrane which results in release of the acrosomal contents (Barros et al., 1967; Yanagimachi, 1988) .
Fertilization and related events have been examined morphologically for three marsupial species (Rodger & Bedford, 1982a, b; Baggott et al., 1987; Breed & Leigh, 1988) . However, the character of the acrosome reaction is not known and whether marsupial spermatozoa require capa¬ citation remains an open question. The moderate to long time periods that marsupial spermatozoa spend in the female tract before fertilization (see Selwood & McCallum, 1987) suggest that they may require capacitation but this has not yet been examined directly for any marsupial. Marsupial gamete structure, function and interaction at fertilization were the subject of a recent review (Rodger, 1991) .
Although the mechanisms of capacitation in vivo remain elusive, it can be readily induced in several eutherian species by a variety of culture conditions (Rogers, 1978; Yanagimachi, 1988) .
and cell activators such as cyclic nucleotides, phorbol esters and diacylglycerols (e.g. Meizel, 1985; Lee et ai, 1987; Yanagimachi, 1988) .
The marsupial acrosome does not form a cap over the sperm head as in eutherian mammals, but is a smaller structure covering only about the anterior third of the 'dorsal' surface of the sperm head in possums and kangaroos (Harding et al., 1979; Temple-Smith, 1987) . In addition, the acrosome appears not to be divided into regions and probably does not contain an equatorial segment, the site of fusion with the cell membrane of the eutherian oocyte (Bedford et al., 1979; Yanagimachi, 1988) .
The present study began with the simple assumption that the calcium ionophore A23187 could be used to study the character of the acrosome reaction of marsupial spermatozoa. When The mean sperm concentration during the experimental period for the possum ejaculates was 15-6 IO6 spermatozoa/ml and for the tammar was 119 IO6 spermatozoa/ml. Semen volume varied between 0-5 and 10 ml for the possum, whilst wallaby ejaculates were generally less than 1 ml and were therefore collected into 30 ml Dulbecco's phosphate-buffered saline (PBS), pH 7-6 (Flow Laboratories, Melbourne, Australia) to prevent coagulation. Ejaculates exhibiting poor percentage or progressive sperm motility or concentration < 5 IO6 /ml were discarded. Spermatozoa were scored for percentage motility (0-100%) and progressive motility (0-5) before and after washing.
The medium used throughout the study was Hank's Balanced Salt Solution (HBSS), 300 mosmol supplemented with 009 mM-pyruvate, 9mM-lactate, 75 i.u. penicillin/ml, 0-05 mg streptomycin/ml and 2% bovine serum albumin (BSA) at pH 7-6, which was found to be optimum for sperm survival (K. E. Mate & J. C. Rodger, unpublished) and satisfied the minimum requirements for capacitation and fertilization of mammalian spermatozoa (Rogers, 1978 Rodger, unpublished) .
Possum semen was diluted 1:1 with medium before washing to decrease the viscosity and improve the efficiency of the washing procedure. Spermatozoa were washed by layering 0-5 ml diluted semen beneath 0-5 ml culture medium in a 3-ml plastic culture tube and then left vertical for 30-60 min at room temperature for spermatozoa to 'swim up' into the medium. Spermatozoa were then collected with a Pasteur pipette from the top layer. Washing marsupial sperma¬ tozoa by the 'swim up' technique described here provides a highly motile (100%; progressive motility = 5) and concentrated sperm preparation free of seminal plasma and prostatic bodies which is suitable for in-vitro culture. The concentrations of spermatozoa recovered from the 'swim up' preparation were between 1 and 5 106 spermatozoa/ml. Capacitating treatment (HIS/BSA): high ionic-strength HBSS (HBSS supplemented to 380mosmol with 2-5 mg/ml NaCl) followed by HBSS containing 3% BSA (Brackett & Oliphant, 1975 (Bryan, 1970 Fig. 2 . For EM processing, spermatozoa from the test solutions were centrifuged at 210g for 5 min and 1 drop of the concentrated spermatozoa was fixed in 2/3 Superfix (final concentrations: 0-15 M-sodium cacodylate; 1-8% paraformaldehyde; 0-01 % picric acid; 3-2% glutaraldehyde; 1-7 mM-Ca2 + ) in a 0-4-ml centrifuge tube and then pelleted by centrifuging at 700 g for 10 min. The pellet was then cut from the tube and fixation continued with 1% osmium tetroxide followed by uranyl acetate. The blocks were dehydrated through acetone and embedded in Spurr's resin. Thin sections were stained with uranyl acetate and lead citrate and examined in a Jeol 100-CX electron microscope.
Results
Incubating possum and wallaby spermatozoa with the calcium ionophore A23187 did not induce acrosome loss in any of the culture conditions tested (Fig. 1) . At no time did the percentage of spermatozoa without acrosomes exceed 3% which is identical to the levels in the control (Tables 1  & 2 ). The highest concentrations of ionophore tested (100 µ , at least 10 times that commonly used to induce the acrosome reaction in eutherian species) destroyed the structural integrity of the spermatozoa but the acrosome remained intact. Alterations to pH of the solution, temperature and time of exposure to the ionophore did not affect the result. Similarly, acrosomal loss was not induced when marsupial spermatozoa were incubated with any of the other cell activators/ regulators.
Addition of agents had variable but non-significant effects on motility except for µ -ionophore and lysophosphatidylcholine at concentrations above 40 µg/ml which abolished motility completely (Tables 1 & 2) .
Electron microscopy confirmed the presence of the acrosome and that an exocytotic event characteristic of the eutherian acrosome reaction had not occurred in response to any of the treat¬ ments. However, changes were observed within the acrosomal matrix. Possum spermatozoa incu¬ bated in HIS/BSA medium for 1 h at 33°C showed extensive vesiculation of the acrosomal matrix.
Large numbers of empty membrane-bound vesicles were formed within the acrosome, the electron density of the acrosomal matrix decreased and the acrosome swelled slightly (Fig. 2) . The vesicles appeared to arise as buds from the outer acrosomal membrane (Fig. 2) 14 + 3-3 2+ 1-0 14 + 2-9 7+ 1-9 20 ± 3-9 29 ± 11-4 34 + 9-2 55 + 6-9 10 ± 2-5 10 ± 7-4 19 + 1-5 14+ 4-3 7 ± 2-9 2 + 1-4
Treatments with different letter superscripts were significantly different at the 5% level by Student's t test. These statistics compared numbers of spermatozoa with non-vesiculated acrosomes to detect any increase in vesicula¬ tion due to the treatment.
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plasma membranes remained intact and there was no evidence of fusion of these membranes at any point. Vesiculation occurred to a lesser extent in the control spermatozoa incubated in HBSS which may be a consequence of the relatively high levels of BSA present in the standard incubation medium. None of the other treatments increased the degree of vesiculation above that in HBSS alone (Table 1) . Wallaby spermatozoa exhibited vesiculation similar to that seen in the HIS/BSA-treated possum spermatozoa after treatment with 10µ -23187 but not HIS/BSA (Table 2) . A two-step treatment of possum spermatozoa, HIS/BSA for 1 h followed by ionophore for 1 h, did not increase the degree of vesiculation. However, prior treatment of wallaby spermatozoa with HIS/BSA abolished the response to ionophore (Table 2) .
Discussion
These results indicate that marsupial spermatozoa have unusually stable acrosomes. Agents which induce an exocytotic acrosome reaction in eutherian and invertebrate spermatozoa, such as the calcium ionophore A23187, and a broad range of other cell activation agents are unable to do so in possum and wallaby spermatozoa. The maximum acrosome loss achieved after 1-h incubation under all conditions tested was only 3% (Tables 1 & 2) . Eutherian spermatozoa could be expected to lose as much as 40% or more of their acrosomes under simple control incubation conditions and >90% after treatment with high levels of ionophore (see Shams-Borhan & Harrison, 1981; Dudenhausen & Talbot, 1982) .
The acrosome of the eutherian spermatozoon is generally its weakest point. Any disruption to sperm integrity (e.g. by freezing and thawing) is likely to be first evident as loss of the acrosome. The fragility of the eutherian acrosome has led to the suggestion that capacitation involves the removal of acrosome stabilizing agents which prevent premature acrosome reaction in the male and female tracts (Bedford, 1983) . In contrast, marsupial spermatozoa appear to possess unusually stable acrosomes which remain intact after exposure to the wide variety of agents and conditions described here and major disruption of the cell (freeze/thawing without cryoprotectant; . E. Mate & J. C. Rodger, unpublished) or decondensation of the non-disulphide stabilized nucleus by air drying, treatment with detergent (Triton X-100) or divalent cations (Ca2 + , Mg2+) (Cummins, 1980 (Suarez et al., 1986) . Somewhat similar structures, identified as microtubules, have been seen in the acrosomes of monkeys and rabbits (Stambaugh & Smith, 1978) . Swelling of the acrosome and the formation of membranous vesicles within its matrix have been reported following freezing and thawing of boar spermatozoa and was suggested to be representative of capacitation (Courtens et al., 1989) . Acrosomal vesiculation like that described here has been observed within the female tract of the American opossum (Didelphis virginiana) (Rodger & Bedford, 1982b) . Opossum spermatozoa pair together via the flat acrosomal surface of their heads during epididymal transit (Biggers & DeLamater, 1965; Olson, 1980; Temple-Smith & Bedford, 1980; Rodger, 1982) and remain locked together until just before fertilization (Rodger & Bedford, 1982a, b; Baggott et al., 1987; Phillips & Fadem, 1987) . Separation of paired spermatozoa in the oviducts was consistently accompanied by the appearance of empty membrane-bound vesicles in the acrosome and the disappearance of the acrosomal matrix (Rodger & Bedford, 1982b) . Further evidence of in-vivo acrosome vesiculation of marsupial spermatozoa can be seen in Fig. 11 of Breed et al. (1989) : in Sminthopsis crassicaudata, as in Didelphis, the acrosomal changes are found in spermatozoa within the oviducal isthmus of a preovulatory female.
The similarity between the in-vivo vesiculation events observed in Didelphis and Sminthopsis and the in-vitro events described here for the possum and wallaby strongly argue that the acro¬ somal metamorphosis observed is an integral part of marsupial fertilization. Its equivalence to events in the eutherian system is unclear. It is unlikely to represent the acrosome reaction which probably occurs on the surface of the zona pellucida (Rodger & Bedford, 1982b; Baggott et al., 1987; Breed & Leigh, 1988) . We believe that the vesiculation is likely to be preparatory to the marsupial acrosome reaction and thus more akin to the process of capacitation. If this is so, capaci¬ tation of marsupial spermatozoa differs from that in eutherians for which there are no accepted morphological indications.
Whether marsupial spermatozoa require a capacitation period and the nature and site of the acrosome reaction remain to be established. The marsupial acrosome appears far more stable than its eutherian counterpart, not being lost spontaneously or disrupted by treatment with a variety of cell activators and regulators.
